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Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) community transmission was elimi-
nated in Australia from 1/11/2020 to 30/6/2021, allowing evaluation of surveillance system performance in detecting
novel outbreaks, including against variants of concern (VoCs). This paper aims to define system requirements for coro-
navirus disease 2019 (COVID-19) surveillance under future transmission and response scenarios, based on surveillance
system performance to date.

Methods: This study described and evaluated surveillance systems and epidemiological characteristics of novel
outbreaks based on publicly available data, and assessed surveillance system sensitivity and timeliness in outbreak
detection. These findings were integrated with analysis of other critical COVID-19 public health measures to establish
future COVID-19 management requirements.

Results: Twenty-five epidemiologically distinct outbreaks and five distinct clusters were identified in the study
period, all linked through genomic sequencing to novel introductions from international travellers. Seventy percent
(21/30) were detected through community testing of people with acute respiratory illness, and 30% (9/30) through
quarantine screening. On average, 2.07% of the State population was tested in the week preceding detection for
those identified through community surveillance. From 17/30 with publicly available data, the average time from
seeding to detection was 4.9 days. One outbreak was preceded by unexpected positive wastewater results. Twenty of
the 24 outbreaks in 2021 had publicly available sequencing data, all of which identified VoCs. A surveillance strategy
for future VoCs similar to that used for detecting SARS-CoV-2 would require a 100-1000-fold increase in genomic
sequencing capacity compared to the study period. Other essential requirements are maintaining outbreak response
capacity and developing capacity to rapidly engineer, manufacture, and distribute variant vaccines at scale.

Conclusions: Australia’s surveillance systems performed well in detecting novel introduction of SARS-CoV-2 while
community transmission was eliminated; introductions were infrequent and case numbers were low. Detection relied
on quarantine screening and community surveillance in symptomatic members of the general population, supported
by comprehensive genomic sequencing. Once vaccine coverage is maximised, future COVID-19 control should shift
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to detection of SARS-CoV-2 VoCs, requiring maintenance of surveillance systems and testing all international arrivals,
alongside greatly increased genomic sequencing capacity. Effective government support of localised public health
response mechanisms and engagement of all sectors of the community is crucial to current and future COVID-19

management.

Keywords: COVID-19, SARS-CoV-2, Surveillance, Variants of concern, Detection, Community transmission, Genomic
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Background

Countries recognised as having the best initial responses
to the coronavirus disease 2019 (COVID-19) pandemic
include Singapore, Taiwan, South Korea, Australia, New
Zealand, Canada, Iceland, UAE, Germany, and Greece.
These countries were largely successful in minimising
morbidity and mortality prior to the availability of vac-
cines [1, 2]. Key to Australia’s success was early identifi-
cation of community transmission through surveillance,
control of outbreaks through non-pharmaceutical public
health measures restricting mobility and social interac-
tion, and effective management of international borders
which reduced the risk of subsequent re-introductions [3,
4]. In addition to reducing health impacts, these meas-
ures have limited the number and duration of restrictions
on community mobility and interaction. Consequently,
the social and economic burdens of the pandemic were
lower in Australia than in many other countries [5].

In the initial phases of the global pandemic, reliance
on nationwide lockdowns in Australia was necessitated
by delayed closure of international borders [6], which
allowed community transmission to establish itself
throughout many urban settings, and by limited surveil-
lance, testing, and public health contact tracing capacity
for detection and control of such transmission [7]. From
November 2020 to June 2021, with improved capacity
and capability of public health systems, and a reduction
in the number of introductions from international arriv-
als, Australia was able to effectively identify and control
outbreaks with a combination of measures, which some-
times included short lockdowns.

Since late 2020, the epidemiology and thus control of
COVID-19 has changed due to two critical and opposing
developments. The first is the emergence of novel vari-
ants of severe acute respiratory syndrome coronavirus 2
(SARS-COV-2) with higher transmissibility [8]. The sec-
ond is the availability of several vaccines against SARS-
CoV-2 [9], many of which have been in use since early
2021, 1 year after the disease began circulating globally.

It is unclear as yet whether herd immunity can be
achieved with the current vaccination programme, as
current vaccines are less effective at preventing trans-
mission than preventing serious disease [10, 11]. Fur-
thermore, until transmission is controlled globally, we

are likely to continue to see the emergence of new vari-
ants, which may have higher transmission potential and
increased severity of disease, including in the vacci-
nated and in vaccine-ineligible. Despite high coverage in
wealthy nations [12], achieving high global vaccine cover-
age in most low- and middle-income countries will take
years [13—15]. There is therefore a strong imperative to
understand the continuing public health system require-
ments for detecting and controlling community trans-
mission, including of variants of concern (VoCs), once
planned vaccine programmes are completed and other
public health control measures are lifted.

All confirmed cases of SARS-CoV-2 detected in the
community in Australia in the period from 1 Novem-
ber 2020 to 30 June 2021 were linked to discrete out-
breaks seeded from outside the country, and during this
time Australia also had high rates of community testing.
Hence, no cases of unknown origin were observed, meet-
ing the criteria for considering that ongoing community
transmission of SARS-CoV-2 in Australia was eliminated
during this period [16]. All recorded outbreaks in this
period have been linked through epidemiological investi-
gation and genomic sequencing to international arrivals.
Several resulted in local transmission in the community,
all of which were subsequently contained, aside from
outbreaks in Victoria and NSW (New South Wales) that
commenced late in the study period and led to ongoing
community transmission from July 2021 onwards.

The study period (1 November 2020 to 30 June 2021)
therefore provides an ideal context in which to evaluate
surveillance system performance as community trans-
mission was controlled and case detection was close to
complete [17]. The aim of this paper is therefore to define
critical public health requirements for the ongoing man-
agement of COVID-19, including surveillance system
requirements to support detection and control. This
information informs current and future contexts of wide-
spread vaccination, including approaches to international
borders, and the emergence of VoCs. To address this aim,
we:

1. Characterised and evaluated the performance of
COVID-19 public health surveillance systems in
detecting novel outbreaks of COVID-19 community
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transmission in the period from November 2020 to
June 2021 in Australia

2. Used this evidence to define public health surveil-
lance system requirements for current and future
COVID-19 prevention, detection, and response.

Methods

This paper describes a study evaluating the implemen-
tation of the COVID-19 surveillance system in Aus-
tralia utilising publically available testing, case, and
outbreak data. We applied the StaRI checklist for report-
ing of implementation studies when drafting our paper to
ensure an accepted and standardised methodology and
reporting of our study [18].

Search strategy
We searched peer-reviewed literature and publicly avail-
able data to:

(a) Characterise the surveillance systems in place at the
time of novel outbreaks (system characteristics, per
capita testing rates, wastewater surveillance)

(b) Quantify and analyse the epidemiological charac-
teristics of outbreaks occurring during this period
(index cases, first diagnosed cases, total cases at
time of first case being identified, links or transmis-
sion routes between cases, time from identification
of the initial case to onset of infectivity in infected
contacts)

(c) Conduct a public health analysis based on these
results to establish requirements for COVID-19
detection and control under future transmission
and response scenarios

Data sources

The epidemiological data on outbreaks were collected
from a range of government and media sources, includ-
ing State and Federal government websites and online
platforms of national and local public and commercial
media outlets (see Additional file 1: Table of character-
istics of community SARS-CoV-2 outbreaks, Australia,
November 2020-June 2021),

The data source for state-level COVID-19 testing num-
bers was www.covid19data.com.au, a volunteer-run not-
for-profit online platform [19]. The website verifies data
with Federal, State, and Territory health departments
before publishing. Population data used to calculate
state-level COVID-19 testing rates were sourced from
publicly available, government-managed data includ-
ing the Australian Bureau of Statistics (ABS), Data NSW
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[20], and The Northern Territory Government Depart-
ment of Industry, Tourism and Trade [21].

Surveillance system performance

Surveillance system performance was assessed based on
sensitivity and timeliness in detecting introductions of
COVID-19 into the community, calculated by compar-
ing if and when an outbreak was first detected through
surveillance, against information identified through sub-
sequent epidemiological investigation, genomic testing,
and linkages.

Sensitivity: number of new outbreaks in study period
first detected through surveillance/total number of
new outbreaks in the study period.

Timeliness: time between the seeding event linked to
the primary (source) case and the date the index case
was reported.

Public health analysis
Potential future SARS-CoV-2 transmission and response
scenarios were developed based on the evolution of
SARS-CoV-2 transmission and pathogenicity, alongside
the development of public health control measures. The
implications of surveillance system performance over
the study period were then considered for these scenar-
ios, including requirements for future surveillance and
other key, non-surveillance-related public health control
measures.

Definitions: see Additional file 2 for definitions of the
following: testing rates, outbreak, cluster, index case,
source case, and primary case.

Results

Components of Australia’s COVID-19 public health
surveillance system

The different components of COVID-19 surveillance and
screening used for the detection of new outbreaks of local
transmission are described in the following sections.

Community-based surveillance for the disease

in symptomatic individuals

A key component of Australia’s response has been sur-
veillance for community transmission based on test-
ing those with acute respiratory symptoms. The World
Health Organization (WHO) recommended a syndromic
screening definition for testing of “fever and cough” early
in the outbreak [22]. Although often reported in patients
with COVID-19, a substantial proportion of confirmed
COVID-19 cases do not report these symptoms [23].
Australia has used a broader syndromic screening defini-
tion to target testing in the community since April 2020,
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which included any acute respiratory symptoms such as
cough, sore throat, runny nose, cold symptoms, or flu-
like symptoms [24].

Currently, the collection of most samples for commu-
nity-based surveillance and testing in Australia is car-
ried out in government-run testing centres and General
Practice Respiratory Clinics. Between 30 [25] and 50%
of individuals in the community with acute respiratory
symptoms that meet the screening definition are being
tested for COVID-19. Testing rates at an overall popu-
lation level vary over time and by State, with marked
increases in areas with confirmed outbreaks.

Genomic surveillance

During the study period, Australia aimed to fully
sequence all cases of SARS-CoV-2 infection identified
in the country including all cases in returned overseas
travellers. AusTrakka, a platform for sharing of sequenc-
ing data, supports the Communicable Disease Genomic
Network (CDGN), which includes all laboratories con-
ducting SARS-CoV-2 genomics/diagnostics, to share
sequencing data to support epidemiological outbreak
investigation across the country. As of 7 May 2021, it is
estimated that 58% of COVID-19 samples have been
sequenced [26].

Screening of residents and staff linked to overseas traveller
quarantine

Almost all international arrivals to Australia during the
study period were required to undertake 2 weeks of man-
datory supervised quarantine [27]. During this period,
the policy required testing, regardless of symptoms, in
the first 48 h and then again between days 10 and 12 of
quarantine for SARS-CoV-2 infection [27], although
exact protocols varied between States. Following inci-
dents of transmission between travellers in quarantine
facilities, national policy was changed in June 2021 to
require returnees to undergo testing on day 16 (i.e. 2 days
after release from quarantine) [28], although this was
already the policy in several States prior to this. Routine,
intensive testing of staff working in quarantine facilities
commenced in January 2021; prior to this, testing was
occurring, but less frequently.

Wastewater surveillance

Several states in Australia have ongoing wastewater test-
ing programmes for COVID-19 which screen for viral
fragments and VoCs. Positive samples are reported pub-
licly by health departments to encourage those in the
catchment areas to present for testing if they have symp-
toms. Positive wastewater detections are broadly classi-
fied as ‘expected’ (known positive or recovered cases in
the catchment) or ‘unexpected’
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Epidemiology of outbreaks, November 2020-June 2021

in Australia

Outbreaks and clusters initiated between 1 November
2020 and 30 June 2021 in Australia are described in Addi-
tional file 2: Characteristics of community SARS-CoV-2
outbreaks, Australia, November 2020-June 2021. A total
of 30 outbreaks and clusters were reported in the study
period, six in 2020 and 24 in 2021. Amongst these, 25
epidemiologically distinct outbreaks (i.e. no epidemio-
logical link identified between that outbreak and others)
and five distinct clusters (i.e. initially considered distinct
but epidemiological link subsequently identified between
that outbreak and others) were identified. All outbreaks
were initially detected in major metropolitan areas, aside
from one in the Northern Territory detected in a remote
mine.

Index case

Of the 25 outbreaks, the index case was detected through
community surveillance in 18 (72%) outbreaks and
through quarantine-related screening of staff or resi-
dents in seven (28%). Of those detected through commu-
nity surveillance, five were detected in individuals who
had visited multiple states and/or territories while infec-
tious and one was detected in a family member of a quar-
antine worker. Of those detected in quarantine residents
or workers linked to quarantine, three were detected in
residents after they left quarantine, and one was identi-
fied through testing of a symptomatic hospital healthcare
worker who had treated patients referred from quaran-
tine facilities.

Of the five clusters linked to outbreaks, all index cases
were detected through community-based surveillance
(including one in a healthcare worker), and only subse-
quently they were linked back to other outbreaks through
previously undetected community transmission.

Of the 24 outbreaks or clusters that occurred in 2021,
the index cases in 18 (75%) were detected through com-
munity surveillance (including two in healthcare work-
ers) and in six (25%) through quarantine screening.

Source case

All outbreaks (and related clusters) aside from one were
linked through genomic sequencing to breaches in quar-
antine facilities housing international travellers. The
one exception was an outbreak in which the index (also
primary) case was an international air crew limousine
driver, and health authorities have suggested the most
likely source is therefore also international. Sequenc-
ing also showed that a single overseas traveller was the
common source for NSW-Croydon, VIC-Blackrock, and
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VIC-Vermont, all of which were seeded by the outbreak
that commenced in NSW in December 2020 (Northern
Beaches).

Primary case and early transmission links

Of the 30 outbreaks or clusters, an epidemiological link
between the source case and the primary case (includ-
ing those where both were the same) was identified in 17
(57%). The 13 outbreaks or clusters where no direct link
was identified in publicly reported data included one in
South Australia in November 2020; the NSW Northern
Beaches outbreak and three related outbreaks or clusters
with the same genomic sequence, one in NSW and two in
Victoria; an outbreak in NSW in May 2021; and the out-
break suspected to be linked to air crew infecting a driver
in NSW; and six outbreaks in Victoria in May and June
2021 all with the same genomic sequence as a returned
overseas traveller from South Australian quarantine.

Of the 30 outbreaks and clusters, all except one
included transmission in the community outside a quar-
antine setting. The one exception was an outbreak in a
family of returned travellers infected while in quaran-
tine. This family was detected as positive while in quar-
antine but subsequently found to have the same genomic
sequence as the source case who was residing in the
opposite room during their quarantine period.

Community mobility and interaction at time of disease
incursion
Nineteen of the 25 outbreaks were seeded (i.e. the trans-
mission event from the primary case) during periods of
close to normal mobility (i.e. no masks in use, mass gath-
erings allowed, and no restrictions on the number of
visitors in the home). Of the remaining outbreaks, four
of these — although detected during periods in which
restrictions were in place — are likely to have been
seeded prior to implementation of those restrictions. This
included the Croydon and Berala outbreaks detected in
late December 2020 in NSW, which were identified dur-
ing restrictions imposed on the 20th of December follow-
ing the detection of the Northern Beaches outbreak; and
VIC (Victoria) outbreaks in May and June (Arcare and
West Melbourne), which were detected during restric-
tions imposed following the period when initial clusters
were detected in Melbourne in late May. The outbreak in
April in WA (Western Australia) commenced while mask
wearing in public was in place following a previous out-
break; however, general community mobility and social
interaction were not restricted.

All five clusters occurred during periods when
there were other ongoing outbreaks and some level of
restrictions.
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Surveillance system performance in detecting outbreaks
Community-based disease surveillance and outbreak
detection

Initial identification of 21 (70%) of the 30 outbreaks/
clusters was through testing of symptomatic community
members, including two healthcare workers. For these 21
outbreaks/clusters, at the time of detection of the index
case, the testing rate (percent of the total State popula-
tion tested in the week preceding detection) was 2.07%
on average. The average testing rate varied over time
(1.68% in 2020 and 2.23% in 2021), and by the State in
which the outbreak was detected.

In 2020, the testing rates in the week prior to detection
of the outbreak in the five outbreaks/clusters detected
through community surveillance ranged from 0.89 to
3.35% of the State population. The three outbreaks/clus-
ters with rates at around 0.9%, in NSW, VIC, and SA,
were detected in periods without any other ongoing out-
breaks; one outbreak and one cluster in NSW both had
testing rates of over 3%, and both were detected in peri-
ods when preceding outbreaks were still active.

In 2021, testing rates in the week prior to detection in
the 20 outbreaks and four clusters ranged from 0.83%
to over 4%. There were six outbreaks with testing rates
over 3%, including five outbreaks in Victoria from May to
June and the outbreak in NT (Northern Territory). The
outbreak/clusters in Victoria in 2021 with testing rates
of 1-2% were the Port Melbourne cluster and the Whit-
tlesea cluster. These were both the initial outbreak/clus-
ters in the May—June period, with the other outbreaks
in this period occurring while these outbreaks were still
active. There were two outbreaks/clusters with rates of
less than 1%; these were the outbreaks in Brisbane in
March and the Eastern suburbs outbreak in NSW in June.

Screening of quarantine residents and staff

Of the 24 outbreaks/clusters that occurred from January
2021 onwards, when intensive regular testing of quar-
antine staff commenced nationally, seven were identi-
fied through screening of quarantine residents or staff,
including one case in a resident who had left the hotel
quarantine and was tested after becoming symptomatic.

Genomic surveillance

All outbreaks/clusters were due to viruses with a novel
genome sequence and not identified as circulating in the
community prior to that outbreak/s. Of the 24 outbreaks/
clusters in 2021, information on the strain of SAR-CoV-2
was available for 20. All were VoCs. Of these, seven were
reported as the Delta variant, five as the Kappa variant,
seven as the Alpha variant, and one was reported as a
VoC without further specification.
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Timeliness of detection

Of the 30 outbreak/clusters, data were publicly available
on 17 to allow calculation of the time from the primary
case until detection of the outbreak. The average delay
was 4.9 days (4.7 for outbreaks and 5.7 for clusters), with
10 of the 17 outbreaks/clusters detected within 5 days
and three detected after more than a week. These three
included the NSW Berala cluster in January 2021 (10
days delay), the West Melbourne outbreak in June 2021
(detected after 9 days), and the Queensland hospital out-
break (10 days delay).

Of the 17 outbreaks/clusters with data, 11 were
detected through community surveillance, four through
quarantine, and two in healthcare workers who became
symptomatic. The average delay for these groups was
5.7 days for community detection, 4 days for quarantine
detection, and 3 days for healthcare worker detections.

Wastewater surveillance

All States/catchments reporting outbreaks/clusters in the
period from 1 November 2020 to 17 June 2021 except for
the NT had wastewater surveillance programmes dur-
ing this period. Others that did not report outbreaks also
had surveillance programmes (ACT, the Australia Capital
Territory). All these locations reported positive waste-
water samples within the study period (data not pre-
sented). Of those positive samples that were unexpected
(i.e. no known positive or recovered cases in the catch-
ment at the time of detection), one may have preceded
the seeding event and therefore helped identify the out-
break through raising awareness and testing levels in the
community (Coburg, VIC). The remaining unexpected
detections were not linked to subsequently reported
outbreaks.

Surveillance system requirements for current and future
control

The following section considers potential future SARS-
CoV-2 transmission and response scenarios and analy-
ses their surveillance system requirements. These future
scenarios have been developed based on the evolution of
SARS-CoV-2 transmission characteristics over the course
of the pandemic thus far, alongside the evolution of pub-
lic health control measures, in particular vaccination. See
Additional file 3: Relationship between vaccination and
other control measures, for consideration of the relation-
ship between vaccination and other control measures on
transmission.

The most important considerations when assess-
ing novel variants will be their potential health system
impacts. Any variant with increased severity including in
those who are vaccinated and in those ineligible for vac-
cination, or with increased transmissibility and either
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similar or only marginally decreased severity to current
variants, will result in increased health system burden.
The majority of SARS-CoV-2 transmission occurs early
in the course of the disease, prior to severe disease, and
in those not at risk of severe disease [23, 29]. These char-
acteristics select for strains with increased transmissibil-
ity but may not provide selective pressure against strains
with higher mortality. The virus has already demon-
strated the capacity to evade vaccine or disease-related
immunity, and some evidence to date suggests that novel
strains may also affect younger age groups and have
increased mortality [8, 17, 29-32]. This is particularly
important for those groups not eligible for vaccination,
of which children are the biggest group [33]. There are
reports of increasing mortality in children, including <5
years old, from those countries experiencing widespread
transmission due to the Delta variant [30]. Availability of
treatments such as monoclonal antibodies and antivirals
may moderate the risk of variants being categorised as ‘of
concern’ [34], if these treatments are effective and avail-
able to the whole of the population.

Community-based surveillance

Table 1 presents a public health analysis of the implica-
tions for community-based surveillance system require-
ments based on future scenarios. Irrespective of whether
there is local endemic transmission, surveillance systems
will need to maintain the capacity to detect variants with
increased severity of disease. The key implication is that
future surveillance systems will require a significant
scale-up of genomic sequencing capacity to detect VoCs.

Genomic sequencing

A population SARS-CoV-2 testing rate of 1-2% per
week has been able to detect introductions of the virus
early in transmission. To achieve similar performance
in detecting VoC, capacity will be needed to sequence
all SARS-CoV-2-positive samples, until or unless the
number of positive samples reaches 1-2% of the popula-
tion per week (as an estimated maximum) [39]. If posi-
tive SARS-CoV-2 samples reach this level, sequencing
would need to shift to a randomly selected proportion of
positive samples to maintain a rate of 1-2% population
sequenced per week. This would require the capacity to
sequence around 200,000-400,000 samples per week
nationally, given Australia’s population of ~25 million.
This is a 1000-fold increase from current levels, and it is
unlikely to be achievable with whole genome sequencing.
Development of technologies that can screen for, rapidly
and at scale, specific mutations of particular concern will
therefore be of great value (e.g. similar in principle to
tools for screening for anti-tuberculosis drug resistance
mutations, polymerase chain reaction (PCR) screening



Page 7 of 13

(2022) 20:157

Lokuge et al. BMC Medicine

[S€] jesano uon

-e|ndod ay3 Ul S35E JO 9499 SSIW [[IM ‘SOUE||ISAINS
Japun uonejndod ayy Jo pJiyy e 1531 A|Uo ued
Y21Yym Ing ‘ANAILISUSS 966'66 YIIM 1591 SEISYM
'S3SED JO 0477 SSIW [|IM Aj2ASNeYxa uoieindod
3Y1 [P 1591 UBD 1BY) AUARISUSS 0508 UM 1531 B ‘06¢
JO 9duseAaud uoneindod e 1e 1eyy umoys sey
sisKjeue Jold “bulusains yusnbaiy pue peaidsspim
210U 3181|158} A3U3 JI YDd UBY) J9Naq IO Jejiuis
3q [|IM 90UeWLIOSd [[BISAC [/ €] AUAILISUSS JoMO|
40 ybnoully [£€] ¥SN pue N au1 se ydns sbun
-195 UapIng-ybiy padojeasp ul asn peaidsspim
Ul Apealje ale 51531 uabnue pidel ‘ojduiexs Jo
"PIPIRU 3q [|IM YD d 01 S9ANPUISY[E ‘A|lenueisgns
95PaIDUl 01 SPaau A3deded adUe||IdAINS |

‘MoJ 2l axe1dn bunssy pue sbe

-19A0D 3UDOEA Y104 JO AMje1IoWw pue Alpiglow
pUB UOI1B|NDIID 3SRISIP Pasealdul 9duaLadxa
AW YDIYM ‘SUOIUSAIIUI Y33y JO axeidn moj
JO ¥{S1 1B S2IUUNWILIOD SPN|DUl 01 PISU ||IM SN0
“(payl| Ay 2se

OW pUE [BID0S 92U 358310UI 0}
11 '[s7] pouad Apnis ay1 bulnp yoam Jad uon
-eindod 2y} JO 90— B°3) sa1el |yy punoibyoeq
uo Bulpuadap anupUOd [jIm Aldeded aouelIsAING

(s19yIom a1edyijeay

*6°3) suo;ednd20 YSI-YBIY Ul pUB ‘SUOIIUSAISIU|
yijeay ur juswabebus Mo| JO S 1B SIUNUWILLIOD
Ul AJepnoinied DiewoldwAs sy Ul ssaulawil

pue (9505> Ajpuaund) saiel bunsal buiroidu
ybnoiyy panosdull Jayainy 39 pjN0d 3UBULIOL
|0J3UOD 0} J3ISed

'SJUBLIBA [9AOU 0} 3NP A|[e22ds3 ‘S3B31GINO JO |03
-U0D 3¥ew 03 A|3y1| SI sIy1 ‘panoidull sem duew
-10419d JI 19ASMOH "3dueWIORd Ulelulew 03 |IN

‘palinbal 3q ||Im Aldeded adue|IsAINS
ANUNWWOD Ul 95e310U] Ue 'UdpIng |y Bunsixs
3Y1 01 9ARIPPE 218 SUoNIAJUI 6 L-JIAOD JI “SIUSW
-21INbaJ 9Ue||I9AINS OS|e 21042131 PUE ‘JUBIS
-UOD UIBWIAI ||IM S|9AD] |V [|BIDAO ‘[9€] SRSNIIA
A1o1elidsal Jay10 saoe(dsIp Z-A0D-SHYS 4| "s9ssau
1 A101841dS34 9INDE J2Y10 01 JB|IWIS S|9AS| Ydral
A|[BNIUBAS [|IM S]2A3| Z-AOD-SHV'S 3y A1 st 3|

'S91RJ |4V ¢-A\OD-SHYS-Uou O}

pa1e|al 9q O3 aNUIIUOD ||IM AlDedeD 3dUe|(I9AINS
ANUNWIWOD pue ‘MO| Ujewal S|9A3] Z-A\OD
-SYV/S ‘uoileudIeA Yybnoiyl paalyde st Alu
-NWIWI PI3Y 0} 3SO|D UIAS JO AlUnWIUl pIay §|

Alunwwod ayy

Ul |4V JO S|9A3] AQ Pa1e1dIp 3q ||Im suauiinbal
Avoeded '[G€] s3181 Z-\0D-SYVS UrY] JDY3el
[9A9] ssaU||l A10141dSD1 91NdR AIUNWILIOD AQ
pa2USNUI 318 SIUSWRIINDAI WISAS DUe||I9A
-INS 1Ua4ND Se "' ‘Syuswalinbai Jualind uad sy

-2oe(d

Ul Y3| saunseaw yijeay oljgnd sy Jo 1oeduwll
3U1 U0 JUSpUSdSP UOIBINDIID JO [9AS] 3Yl YUM
'Z-\0D-SYVS JO UOIIRINDIID DIWISPUS UBSW [|IM
SIY1 ‘UOISSILUSURI) 91RUIUI|D PINOM 1BY) [9A3)

e 0] SUOJIUSAJRIUI [eD1IN3deWIRYd-UOU 351|13N
01 10U SPBW S| UOISIDSP B PUB ‘UOIIBUIDIBA
ybnoly1 panalyde Jou sI Ayunwiw piay |

‘|[eI9A0
| MO[3Q UleWa ||IM Jagquinu aA1dNposdal syl
se ‘uoneindod [eiausb ay3 ul buniwi-jes 9q
[[IM UOISSIUISURI) ‘9SBaIoUl Suolielodull JI U3

‘bupuanbas

olwouab Ag panoddns ‘sanijioe) aunuelenb

U] JJ1S PUE SID||ARI] SBISISAO PaUINIaI 104
5j050304d BUIUSDS PUR 3SEISIP JOJ SDUE|ISAINS
Paseg-AHuNwWWOD 1ua1nd buluieluew sainbai
AJje1iow pue ALpIGIoW [BIURISGNS JO XSy

bunpind413 UIIUO3 JO SIUDIIDA
1ua1in3 ‘panalyop jou Ayunwiwi paay ‘pajajd
-wo) sj awwpiboud uonpbuUIIIDA JUALIND (7) §

buipjns41> S)UDLIDA
Jua.ind panalydp Ayunwwi paay ‘pajajdwod
awwnpiboid uonpuIIdLA JUSLINI (1) §

1no pajjoi butaq
awwpiboid uoipuIdIDA 6 1-AINOD IYM Y

wid)sAs due(I3AINS By} 03 papaau sabueyd)

sjuswaiinbai 193w
0} papaau Aydeded waisAs adue|jIdAINg

suondwnsse
/sa1suardeseyd |edibojoiwapids A3y

oueuads

ABojoiwspida 6 |-IAQD 10 SOLBUSDS U0 paseq siusWaiinbal WalsAs adue||lsning | ajqel



Page 8 of 13

(2022) 20:157

Lokuge et al. BMC Medicine

ssau||l A101ea1dsas aInde [y

'$|9A3| Bujdusnbas uaind

W01} 3SeaIdUl PIOJ-000 L < B SISIYL "UOI||IW | 7~

Jo uope|ndod sejensny UaAID ‘Ajjeuoiieu }aam
1ad sajdwes 000'00¥—000'00Z 03 sa1enba siy |
uonendod ay1 Jo

97— o1 ‘Audeded Buiisal-ydd 1UsNd O3 Je[ills
3Q 01 paau ||Im Aldeded BupUaNbas ‘z-A0D-SYVS
12919p 01 A112edeD JUBLIND Se UI3DUOD JO SJUeLeA
BuD319p Ul 9dURWIONS JejIwIS SASIYDe Of

‘S|PALLIE [PUOIIRUISIUI Ul pUB AJUNWIWOD 343

Ul Z-A\OD-SHYS pR12319p ||e Jo uontodoid s1enb
-9pe Ue IO |[e Jaye JO Bulidusnbas diuousb
UO K| ||IM SJUBLIEA JO UOND31SP SAIIDIYD

pue A]1e3 10} 9DUB||ISAINS JO [9A3] PUOIS Y|
‘S|PALLIE [PUOIIRUISIUI

JO Jaquinu paseaidul A1ea.b e apnjdul 03 paau
pinom bunsay ‘uonippe uj ‘Ajldde aroge suondas
3U1 Ul pauljIno SyuaWlINbal Y3 210431343

pUB ‘Z-A0D-SHYS Bu11D919p UO S31j91 UISdU0d
JO SIUBLIBA 1O} 9DUB|[IDAINS JO [9A3] 151 Y|

‘[8¢] A||eqo|b pealdsapim S| uolssiwsueIl

se buo| se ‘pa1euIddeA syl Ul buipnpul ‘asessip
4O AJ1ISASS Pasealdul Ul nsal 1yl ab1awa o}
UJ32UO0D JO SJUBLIPA MaU JOj [enua1od S| a1y}
'31ep 01 SNJIA 3Y} JO SD1IS1IS1DBIRYD B USAID

UJ33U03 JO SJUDIIDA M3U JO 33UdbIdWT D

wid)sAs due|Id3AINS By} 03 papaau sabueyd)

sjuswaiinbai 193w
0} papaau Aydeded waisAs adue|jIdAINg

suondwnsse
/sa1suardeseyd |edibojoiwapids A3y

oueuads

(panunuod) | sjqel



Lokuge et al. BMC Medicine (2022) 20:157

could be used to screen for S gene dropout in the Omi-
cron variant of SARS-CoV-2) [40].

Screening in quarantine

Regular testing of all international arrivals, including
residents and staff linked to quarantine facilities is an
important component of the surveillance system. It gains
even greater importance if the focus is early detection
of imported variants, and genomic sequencing capacity
cannot screen large numbers of community cases. The
number of international arrivals (both resident and non-
resident) to Australia in late 2019, prior to COVID-19-re-
lated border closures, was over 1.5 million per month
[41]. Sequencing positive samples in this group alone
would require a marked increase in capacity if positivity
rates were to approximate prevalence in source countries.

Wastewater surveillance

Wastewater surveillance systems demonstrated limited
utility over the study period in identifying and control-
ling novel outbreaks. Once levels of local transmission
increase, there will be fewer catchments and periods
where a positive sample is an unexpected finding. If
the goal of surveillance shifts to identification of VoCs
through sequencing of wastewater fragments [42], simi-
lar limitations in performance would apply. Given the
limited performance in the study period, further evalu-
ation of widespread wastewater surveillance must be
done, including targeted surveillance of high-risk indus-
trial and residential sites, to determine its added value
against other COVID-19 surveillance strategies.

Discussion

Once vaccine coverage rates are maximised, the pri-
ority for surveillance shifts from detection of SARS-
CoV-2 to detection of SARS-CoV-2 VoCs associated
with increased severity of disease. This surveillance will
require ongoing investment to maintain current commu-
nity-based disease surveillance systems and implement
strategies for screening of returned travellers on a larger
scale. Such surveillance systems will need to be linked to
greatly increased genomic sequencing capacity if novel
VoCs are to be detected early in transmission. Given Aus-
tralia’s limited genomic sequencing capacity, there is an
urgent need for investment in scaling up and decentral-
ising, including through novel technologies capable of
large volume throughput screening to detect mutations
of concern.

Most novel incursions of SARS-CoV-2 into the Aus-
tralian community have been detected through commu-
nity-based surveillance for symptomatic disease, with
the remainder detected through screening of return-
ing overseas travellers and staff linked to quarantine
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facilities. Community-based symptomatic testing levels
in the region of the outbreak were between 1 and 3% of
the population tested in the week preceding detection
of the outbreak, suggesting this level of testing will allow
early detection of most community seeding or amplify-
ing events. Outbreaks were detected, on average, within
5 days of the primary case. All outbreaks in 2021 were
due to novel variants of concern. Although outbreaks due
to the Delta variant of SARS-CoV-2 appear to be more
transmissible and therefore more difficult to control, the
surveillance system has still performed well in being able
to detect them early.

The Australian national surveillance plan includes
under goal 10 a range of indicators for timeliness of
detecting individual cases [3]. Given that during the
study period, a single case in the community in Australia
represented an outbreak, these indicators would provide
appropriate guidance against which to compare our find-
ings. However, despite providing definitions of appropri-
ate indicators of timeliness, the strategy does not define
goal or targets for these indicators. A preliminary review
of other Australian jurisdictions and internationally did
not identify specific targets for timeliness either. This is
an important gap that must be addressed by policymak-
ers, and our study provides data to inform the develop-
ment of appropriate and feasible targets in regard to
detection of cases and outbreaks.

Wastewater surveillance was of limited utility in the
study period. However, in the period following the study,
from July to August 2021, there were two outbreaks in
which detection of the outbreak was preceded by unex-
pected positive wastewater surveillance results [43-45].
Targeted screening of wastewater from high-risk settings
(e.g. public housing towers [46]) has also been utilised in
recent responses. Given the overall low sensitivity and
specificity, detection will rely on community surveillance
to rapidly identify cases if it is to be of utility in public
health response, investing in maintaining community
surveillance through high uptake of testing will continue
to be critical.

As our analysis suggests, to have similar performance
in detecting variants as Australia has had in detecting
novel outbreaks of SARS-Co-V2, sequencing rates of
up to 1000-fold magnitude higher than current require-
ments would be required. Prioritising sequencing to
those samples linked to severe disease (hospital/ICU)
would require less capacity. However previous research
demonstrates that if surveillance were to rely on hospital
rather than community-based case detection, the num-
ber of cases at the point of outbreak detection would be
much higher, making outbreak control much more chal-
lenging [35]. A more effective strategy would be to pri-
oritise sequencing to international arrivals, the most
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likely source of novel VoC introductions in Australia.
This would require ongoing comprehensive SARS-CoV-2
testing of all arrivals. Even this alone would necessitate
marked scale-up of sequencing capacity if international
arrival numbers were to return to pre-COVID-19 levels.

Attempts of other high-income nations to detect
SARS-CoV-2 variants highlight current constraints on
the capacity of nations to conduct large-scale genomic
sequencing. As of February 2021, the USA had sequenced
around 96,000 (less than 1%) of its 27 million COVID-
19-positive cases [47]. Experts attribute the country’s
low sequencing rate to a lack of national coordination,
poor surveillance planning, and inadequate investment in
sequencing infrastructure and research [47]. In Canada,
genomic surveillance has been a key component of the
national surveillance strategy, with relatively greater suc-
cess than the USA [48, 49]. An average of 5% of COVID-
19-positive samples are being analysed across the country
[50], with a target of sequencing 10% of positive samples
[50]. This would bring its efforts closer to the UK, which
has been lauded for its world-leading genomic sequenc-
ing capability [51]. As of 5 July 2021, the UK has con-
ducted approximately 672,677 sequences out of 5,186,297
infected people (13.0%) in total [52].

However, even the UK’s level of sequencing is much
lower than would be needed for Australia to conduct
optimal surveillance for VoCs. Given the challenges faced
by other developed countries in sequencing a high pro-
portion of samples once the incidence of SARS-CoV-2
increases, it is unlikely that whole genome sequencing
would be able to meet such requirements. It is therefore
critical to implement genomic surveillance strategies that
are effective in early detection of novel VoC introductions
or emergence, to develop technologies that can screen
for, rapidly and at scale, specific mutations of particular
concern (e.g. immune escape mutations). Without such
planning and adaptation for future scenarios of increased
transmission, not only will it be impossible to sequence
enough samples to meet surveillance goals, timeliness of
sequencing will also be delayed, in turn delaying the iden-
tification of transmission links related to VoCs.

The Omicron variant of SARS-CoV-2 was first iden-
tified in late November 2021 globally and soon after
designated a variant of concern by WHO [53]. By early
December 2021, available data indicated increased
transmissibility, including in vaccinated individuals,
but impacts on the severity in vaccinated were unclear.
The multiple mutations on the spike protein suggest
there may be an immune escape and therefore a need
for adapted vaccines. Even with Australia’s high levels
of genomic sequencing, within 2 weeks of report of the
first case, multiple jurisdictions were reporting Omi-
cron cases, many with no known link to international
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travel or travellers [54]. This is likely to be due to levels
of testing of overseas arrivals being around 40%. Retro-
spective sequencing of SARS-CoV-2-positive samples
also identified further cases [55], indicating that higher
rates of genomic surveillance may have detected commu-
nity transmission of this variant earlier. Overall, the early
information on the introduction of the Omicron variant
supports the conclusions and recommendations made in
this paper on the management of future variants based
on data prior to its arrival.

A limitation of this study was that testing rates were
calculated for States as a whole and therefore may not
reflect the testing rates in the specific area where the
outbreak occurred. Rates vary by geographical distance
from testing sites. Given all outbreaks except one were
detected in major metropolitan areas, which have higher
testing rates than rural areas, State-level averages are
likely to be an underestimate of testing in urban areas.
However, testing rates also vary widely within urban
areas based on the socio-economic characteristics of
the catchment population. Testing data disaggregated
by LGA were not publicly available for most States, but
future analysis should be done to refine these estimates if
such data becomes available.

Surveillance system requirements must be considered
in the context of other public health measures to detect
and control COVID-19 transmission. These are vaccine
effectiveness, availability and uptake, outbreak response
capacity (including effective implementation of social
and mobility restrictions), and community engagement
and partnership as the cross-cutting enabler of success
in all areas. Additional file 4 provides a framework for
future non-surveillance-related public health control
measures when focus shifts to the management of VoCs.

As referred to previously, the impact of vaccination
on transmission, and whether or not other measures
are needed, depends in part on the effectiveness of the
vaccine. See Additional file 4: Relationship between
vaccination and other control measures. As has become
apparent, knowledge is rapidly changing and evolving
around the effectiveness of available vaccines even for
current viral variants, such as the optimal number of
doses for the primary schedule and the degree and tim-
ing of boosters to address waning of immunity [56]. The
impact of vaccines is also related to vaccine availability,
which is dependent on production, procurement, and
distribution capacity. As seen in Australia in early 2020,
limitations in all of these areas were the main barrier
to vaccination [57, 58]. Additional file 4 assesses the
requirements for ensuring that such barriers are mini-
mised as much as possible in the event a novel vaccine
is needed for a VoC. Targets are also critical, and a use-
ful and ethical approach when assessing performance of
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vaccination programmes is to consider the highest cov-
erage achievable with available vaccines and an effec-
tive community support and engagement strategy. Such
a strategy would include offering every individual in
the community for whom vaccination is not contrain-
dicated their choice of approved vaccine, in a setting
and at a time that is feasible and acceptable to them,
alongside material support (paid leave, free health care,
including primary practitioner support) for those likely
to require such support and accessible, practical, and
trusted messaging and communication. The target we
propose in Additional file 4 is based on this approach.
A key consideration is those groups at risk of lower
engagement in health interventions, such as socially
and economically disadvantaged groups. Past experi-
ence with vaccination suggests that the main cause for
low uptake, including in these higher risk groups, is
likely to be structural barriers to engagement [59, 60].
Therefore, rather than focussing on shifting behaviour
in the small minority that are strongly vaccine resistant
[61], a more useful and effective approach is to address
structural barriers to engagement.

As well as surveillance, critical to Australia’s response
has been outbreak response capacity [62], in particular
the enumeration and management of cases and con-
tacts efficiently enough to ensure that all transmission
chains are controlled once initial seeding is identified
through surveillance. As the outbreak evolved, innova-
tions such as secondary contract tracing were needed in
order to keep pace with the shortened serial interval of
new variants [62]. Further innovations to increase the
efficiency of outbreak response, including task shifting
and automation where warranted, should be developed
now in order to prepare for future scenarios (see Addi-
tional file 4). Border controls and social and mobil-
ity restrictions were also critical to effective control of
SARS-CoV-2, prior to scale-up of testing, surveillance,
and outbreak response capacity. These measures may
again be critical if a variant emerges that exhibits the
characteristics of concern discussed previously. For
this reason, continued investments in understanding
how these measures can be implemented efficiently
and effectively while minimising secondary impacts are
needed.

Finally, the most important factor underpinning suc-
cess in prevention, detection, and control of current and
future transmission, including our capacity to open soci-
ety safely, will be how well governments support all sec-
tors of the community. Investment in applied research
on the structural barriers to engagement, and how these
need to be addressed, is critical to ensuring success
against COVID-19.
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Conclusions

Community-based surveillance for disease and routine
screening of residents and staff in overseas quarantine
facilities achieved early and comprehensive detection
of new outbreaks of SARS-CoV-2 in the community in
a period when local transmission had been eliminated
in Australia and novel introductions through overseas
arrivals were limited. Epidemiological investigation to
identify transmission sources and link outbreak clusters
has been greatly supported by comprehensive genomic
sequencing.

Surveillance systems will need to emphasise the
detection of VoCs through widespread genomic test-
ing. Other measures to control VoCs that will need to
be implemented alongside these surveillance strate-
gies include maintaining and improving the efficiency
of outbreak response and developing the capacity to
rapidly engineer, manufacture, and distribute variant
vaccines at scale, all underpinned by effective com-
munity partnerships. Finally, all the measures we have
discussed are aimed at mitigating novel variants of con-
cern, the main risk to the future control of COVID-19
in highly vaccinated populations. However, the only
way to prevent their emergence is to support high vac-
cine coverage globally.

Abbreviations

ACT: The Australian Capital Territory; COVID-19: Coronavirus disease 2019;

ICU: Intensive care unit; NSW: The state of New South Wales; NT: The Northern
Territory; PCR: Polymerase chain reaction; SA: The state of South Australia;
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; VIC: The state of
Victoria; VoCs: Variants of concern; WA: The state of Western Australia.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512916-022-02344-x.

Additional file 1. Table of characteristics of community SARS-CoV-2 out-
breaks, Australia, November 2020-June 2021. A table summary of the char-
acteristics of community SARS-CoV-2 outbreaks in Australia, November
2020-June 2021 including: location and dates, cases, outbreak or cluster,
epi link source, date first notified, date primary case infectious, source, first
identified, identified through community or quarantine, genomic variant,
restrictions at time of detection, and state testing rate in preceding week.

Additional file 2. Definitions. A summary of definitions of terms includ-
ing: testing rates, outbreak, cluster, index case, source case, and primary
case.

Additional file 3. Relationship between vaccination and other control
measures. Summary of the relationship between vaccination and other
control measures on COVID-19 transmission.

Additional file 4. Public health response framework if VoCs with
increased severity, including in vaccinated and/or vaccine ineligible,
were to emerge. A table summary of a proposed public health response
framework if VoCs with increased severity, including in vaccinated and/or
vaccine ineligible, were to emerge.



https://doi.org/10.1186/s12916-022-02344-x
https://doi.org/10.1186/s12916-022-02344-x

Lokuge et al. BMC Medicine (2022) 20:157

Authors’ contributions

KL conceived of the original idea for the study. KL, SJ, and TS searched and
reviewed the available data. KL conducted the data analysis. KL, KD, KG, MB,
and EB were involved in public health assessment of the surveillance and con-
trol options and interpretation. All authors were involved in the writing of the
report and had final responsibility for the decision to submit for publication.
All' authors read and approved the final manuscript.

Funding

No specific funding was received for this project, beyond the salary support
the authors receive from their institutions and elsewhere. Professor Banks is
supported by the National Health and Medical Research Council of Australia
(Principal Research Fellowship 1136128).

Availability of data and materials
All data used are publicly available through the referenced sources.

Declarations

Ethics approval and consent to participate

Not applicable. Ethical approval was not required for this study as it involved
no human or animal participation. The research was conducted according to
the Australian Code for the Responsible Conduct of Research.

Consent for publication
All authors provide consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

"National Centre for Epidemiology and Population Health, The Austral-

ian National University, 62 Mills Road, Acton ACT, Canberra 2601, Australia.
2School of Public Health, University of Adelaide, Adelaide, Australia. *Wellbeing
SA, Adelaide, South Australia, Australia. “Department of Health, Melbourne,
Victoria, Australia.

Received: 21 December 2021 Accepted: 15 March 2022
Published online: 15 April 2022

References

1. Bremmer |. The best global responses to the COVID-19 pandemic, 1 year
later: time; [updated 23 Feb 2021]. Available from: https://time.com/
5851633/best-global-responses-covid-19/.

2. Lowy Institute. Covid performance index 2021 [Available from: https://
interactives.lowyinstitute.org/features/covid-performance/#overview].

3. Communicable Diseases Network Australia. Australian National Disease
Surveillance Plan for COVID-19, Version 2.0, April 2021. 2021.

4. Australian Government Department of Health, Communicable Diseases
Network Australia. Coronavirus disease 2019 (COVID-19) - CDNA National
Guidelines for Public Health Units, Version 4.7. 2021.

5. Hong J, Chang R, Varley K. The best and worst places to be in the coro-
navirus era: Bloomberg; 2020 [updated 25 May 2021]. Available from:
https://www.bloomberg.com/graphics/covid-resilience-ranking/.Google

6. Grout L, Katar A, Ouakrim DA, Summers JA, Kvalsvig A, Baker MG, Blakely
T, et al. Estimating the failure risk of quarantine systems for preventing
COVID-19 outbreaks in Australia and New Zealand. 2021.

7. Duckett S, Stobart A. Australia’s COVID-19 response: the four successes
and four failures: Grattan Institute; 2020. [updated 12 June 2020]. Avail-
able from: https://grattan.edu.au/news/australias-covid-19-response-the-
four-successes-and-four-failures/

8. Abdool Karim SS, de Oliveira T. New SARS-CoV-2 variants — clinical, pub-
lic health, and vaccine implications. N Engl J Med. 2021;384(19):1866-8.

9. World Health Organization. COVID-19 vaccines 2021 [Available from:
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/
covid-19-vaccines].

10. Public Health England. Public Health England vaccine effectiveness
report. 2021.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

Page 12 of 13

. World Health Organization. Coronavirus disease (COVID-19): vaccines

2020 [Available from: https://www.who.int/news-room/q-a-detail/coron
avirus-disease-(covid-19)-vaccines].

. Time. COVID-19 vaccine tracker [updated 08/07/2021. Available from:

https://time.com/collection/coronavirus-vaccines-updates/].

. BurkiT. Global COVID-19 vaccine inequity. Lancet Infect Dis.

2021;21(7):922-3.

. The Economist. More than 85 poor countries will not have widespread

access to coronavirus vaccines before 2023 [updated 27 Jan 2021.
Available from: https.//www.eiu.com/n/85-poor-countries-will-not-have-
access-to-coronavirus-vaccines/.

. World Health Organization. WHO Director-General's opening remarks

at 148th session of the Executive Board [updated 18 January 2021].
Available from: https.//www.who.int/director-general/speeches/detail/
who-director-general-s-opening-remarks-at-148th-session-of-the-execu
tive-board.

. Dowdle WR. The principles of disease elimination and eradication.

MMWR. 1999,48:23-7.

. World Health Organization. COVID-19 weekly epidemiological update.

2021.

. Pinnock H, Barwick M, Carpenter CR, Eldridge S, Grandes G, Griffiths CJ,

et al. Standards for Reporting Implementation Studies (StaRl) Statement.
Bmj. 2017;356:16795.

. covid19data.com.au. Daily COVID-19 tests across Australia: infogram;

2021 [Available from: https://infogram.com/1p7lyzng016j71fznrzp5jnqw
6an669zy7y?live].

COVID-19 tests by location. 2020. Available from: https://data.nsw.gov.au/
data/dataset/nsw-covid-19-tests-by-location/resource/945c6204-272a-
4cad-8e33-dde791f5059a.

Government NT. Population: Northern Territory Government Department
of Industry, Tourism and Trade; 2021 [Available from: https://industry.nt.
gov.au/economic-data-and-statistics/business/business-statistics/nt-key-
business-statistics/population].

World Health Organization. Report of the WHO-China Joint Mission on
coronavirus disease 2019 (COVID-19). 2020.

Grant MC, Geoghegan L, Arbyn M, Mohammed Z, McGuinness L,

Clarke EL, et al. The prevalence of symptoms in 24,410 adults infected

by the novel coronavirus (SARS-CoV-2; COVID-19): a systematic

review and meta-analysis of 148 studies from 9 countries. PLoS One.
2020;15(6):20234765.

Zwartz H. A lot more of us can now get tested for coronavirus. Here's
what you need to know: ABC News; 2020.

Grundy E, Slattery P, Buckland G, Suresh Babu S, Mangiarulo M, Oren P,
Dillon C. Scrub Project Wave 4: Australians’ views on private gatherings,
remote working and getting tested: Monash University; [updated 24
June 2020]. Available from: https://www.behaviourworksaustralia.org/
scrub-project-wave-4-australians-views-on-private-gatherings-remote-
working-and-getting-tested/.

Andersson P, Sherry NL, Howden BP. Surveillance for SARS-CoV-2 variants
of concern in the Australian context. Med J Aust. 2021;214(11):500-502.
el. https://doi.org/10.5694/mja2.51105.

Australian Government Department of Health. Coronavirus (COVID-19)
advice for international travellers [updated 7 July 2021]. Available from:
https://www.health.gov.au/news/health-alerts/novel-coronavirus-2019-
ncov-health-alert/coronavirus-covid-19-restrictions/coronavirus-covid-
19-advice-for-international-travellers#quarantine-for-incoming-travellers.
ABC News. Rules on COVID vaccines, testing for quarantine workers
tightened after National Cabinet meeting. ABC News. 2021.

The Agency for Clinical Innovation, NSW Government. COVID-19 Critical
Intelligence Unit: living evidence - SARS-CoV-2 variants [updated 12 Jul
2021]. Available from: https://aci.health.nsw.gov.au/covid-19/critical-intel
ligence-unit/sars-cov-2-variants.

Paddock R, Suhartono M. No longer ‘hidden victims, children are dying
as virus surges in Indonesia: New York Times; [updated 31 July 2021].
Available from: https://www.nytimes.com/2021/07/25/world/asia/child
ren-deaths-virus-indonesia.html.

Torjesen I. Covid-19: Delta variant is now UK's most dominant strain and
spreading through schools. BMJ. 2021;373:n1445.

Havers F, Whitaker M, Self J, et al. Hospitalization of adolescents aged
12-17 years with laboratory-confirmed COVID-19 — COVID-NET, 14


https://time.com/5851633/best-global-responses-covid-19/
https://time.com/5851633/best-global-responses-covid-19/
https://interactives.lowyinstitute.org/features/covid-performance/#overview
https://interactives.lowyinstitute.org/features/covid-performance/#overview
https://www.bloomberg.com/graphics/covid-resilience-ranking/.Google
https://grattan.edu.au/news/australias-covid-19-response-the-four-successes-and-four-failures/
https://grattan.edu.au/news/australias-covid-19-response-the-four-successes-and-four-failures/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/covid-19-vaccines
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/covid-19-vaccines
https://www.who.int/news-room/q-a-detail/coronavirus-disease-(covid-19)-vaccines
https://www.who.int/news-room/q-a-detail/coronavirus-disease-(covid-19)-vaccines
https://time.com/collection/coronavirus-vaccines-updates/
https://www.eiu.com/n/85-poor-countries-will-not-have-access-to-coronavirus-vaccines/
https://www.eiu.com/n/85-poor-countries-will-not-have-access-to-coronavirus-vaccines/
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-148th-session-of-the-executive-board
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-148th-session-of-the-executive-board
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-148th-session-of-the-executive-board
https://infogram.com/1p7lyzng0l6j71fznrzp5jnqw6an669zy7y?live
https://infogram.com/1p7lyzng0l6j71fznrzp5jnqw6an669zy7y?live
https://data.nsw.gov.au/data/dataset/nsw-covid-19-tests-by-location/resource/945c6204-272a-4cad-8e33-dde791f5059a
https://data.nsw.gov.au/data/dataset/nsw-covid-19-tests-by-location/resource/945c6204-272a-4cad-8e33-dde791f5059a
https://data.nsw.gov.au/data/dataset/nsw-covid-19-tests-by-location/resource/945c6204-272a-4cad-8e33-dde791f5059a
https://industry.nt.gov.au/economic-data-and-statistics/business/business-statistics/nt-key-business-statistics/population
https://industry.nt.gov.au/economic-data-and-statistics/business/business-statistics/nt-key-business-statistics/population
https://industry.nt.gov.au/economic-data-and-statistics/business/business-statistics/nt-key-business-statistics/population
https://www.behaviourworksaustralia.org/scrub-project-wave-4-australians-views-on-private-gatherings-remote-working-and-getting-tested/
https://www.behaviourworksaustralia.org/scrub-project-wave-4-australians-views-on-private-gatherings-remote-working-and-getting-tested/
https://www.behaviourworksaustralia.org/scrub-project-wave-4-australians-views-on-private-gatherings-remote-working-and-getting-tested/
https://doi.org/10.5694/mja2.51105
https://www.health.gov.au/news/health-alerts/novel-coronavirus-2019-ncov-health-alert/coronavirus-covid-19-restrictions/coronavirus-covid-19-advice-for-international-travellers#quarantine-for-incoming-travellers
https://www.health.gov.au/news/health-alerts/novel-coronavirus-2019-ncov-health-alert/coronavirus-covid-19-restrictions/coronavirus-covid-19-advice-for-international-travellers#quarantine-for-incoming-travellers
https://www.health.gov.au/news/health-alerts/novel-coronavirus-2019-ncov-health-alert/coronavirus-covid-19-restrictions/coronavirus-covid-19-advice-for-international-travellers#quarantine-for-incoming-travellers
https://aci.health.nsw.gov.au/covid-19/critical-intelligence-unit/sars-cov-2-variants
https://aci.health.nsw.gov.au/covid-19/critical-intelligence-unit/sars-cov-2-variants
https://www.nytimes.com/2021/07/25/world/asia/children-deaths-virus-indonesia.html
https://www.nytimes.com/2021/07/25/world/asia/children-deaths-virus-indonesia.html

Lokuge et al. BMC Medicine (2022) 20:157

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

States, March 1, 2020-April 24, 2021. MMWR Morb Mortal Wkly Rep.
2021,70(23):851-7.

Lovelace BJ. Moderna says it plans to expand Covid vaccine trial for kids 5
to 11, will seek FDA OK as early as year-end: CNBC; [updated 26 Jul 2021].
Available from: https://www.cnbc.com/2021/07/26/covid-vaccine-moder
na-says-it-plans-to-expand-trial-for-kids-5-to-11.html.

Gottlieb RL, Nirula A, Chen P, Boscia J, Heller B, Morris J, et al. Effect of
bamlanivimab as monotherapy or in combination with etesevimab

on viral load in patients with mild to moderate COVID-19. JAMA.
2021,325(7):632.

Lokuge K, Banks E, Davis S, Roberts L, Street T, O'Donovan D, et al. Exit
strategies: optimising feasible surveillance for detection, elimination, and
ongoing prevention of COVID-19 community transmission. BMC Med.
2021;19(1):50.

Maclntyre R. Vaccination for COVID-19 control and considerations for
Australia. Microbiol Aust. 2021:42(1):30-4.

Crozier A, Rajan S, Buchan |, McKee M. Put to the test: use of rapid testing
technologies for covid-19. BMJ. 2021;372:n208.

World Health Organization. COVID-19 weekly epidemiological update,
2021. https://www.who.int/docs/default-source/coronaviruse/situation-
reports/20210622_weekly_epi_update_45.pdf?sfvrsn=f7043e1f_10&
download=true

Centers for Disease Control and Prevention. Estimated COVID-19 Burden.
Table 2: estimated rates of COVID-19 disease outcomes per 100,000, by
age group — United States, February 2020-May 2021 [updated 26 Aug
2021]. Available from: https://www.cdc.gov/coronavirus/2019-ncov/
cases-updates/burden.html.

Scott L, Hsiao N-y, Moyo S, Singh L, Tegally H, Dor G, et al. Track Omicron’s
spread with molecular data. Science. 2021;374(6574):1454-5.

Australian Bureau of Statistics. Overseas arrivals and departures, Australia
[updated 15/06/2021]. Available from: https://www.abs.gov.au/statistics/
industry/tourism-and-transport/overseas-arrivals-and-departures-austr
alia/latest-release.

Bar-Or I, Weil M, Indenbaum V, Bucris E, Bar-llan D, Elul M, et al. Detection
of SARS-CoV-2 variants by genomic analysis of wastewater samples in
Israel. Sci Total Environ. 2021;789:148002.

New South Wales Department of Health. COVID-19 (Coronavirus) sta-
tistics 04 August 2021 [Available from: https://www.health.nsw.gov.au/
news/Pages/20210804_01.aspx].

New South Wales Department of Health. COVID-19 (Coronavirus) sta-
tistics 05 August 2021 [Available from: https://www.health.nsw.gov.au/
news/Pages/20210805_00.aspx].

Queensland Government. Update — COVID-19 08 August 2021 [Available
from: https://www.health.gld.gov.au/news-events/doh-media-releases/
releases/update-covid-23].

State Government of Victoria. Coronavirus update for Victoria Depart-
ment of Health and Human Services, ; [updated 19 August 2021].
Available from: https://www.dhhs.vic.gov.au/coronavirus-update-victo
ria-19-august-2021.

Thulin L. Why the US. Is struggling to track coronavirus variants: Smithso-
nian Magazine; 2021.

Government of Canada invests $53 million to address COVID-19 virus
variants of concern [press release]. https://www.canada.ca/en/public-
health/news/2021/02/government-of-canada-invests-53-million-to-
address-covid-19-virus-variants-of-concern.html: Government of Canada,
12/02/2021 2021.

Genome Canada. CanCOGeN 2021 [Available from: https://www.genom
ecanada.ca/en/cancogen].

Bains C. Canada’s hunt for COVID-19 variants to ramp up with more
genomic sequencing: Global News; [updated 19/02/2021]. Available
from: https://globalnews.ca/news/7650061/canada-covid-genomic-
sequencing-variants/.

UK Department of Health and Social Care. UK exceeds 600,000 COVID-19
tests genomically sequenced (press release) [updated 2 July 2021]. Avail-
able from: https://www.gov.uk/government/news/uk-exceeds-600000-
covid-19-tests-genomically-sequenced.

COVID-19 Genomics UK Consortium. Summary report: COGUK geo-
graphic coverage of SARSCoV2 sample sequencing. 2021.

World Health Organization. Classification of Omicron (B.1.1.529): SARS-
CoV-2 variant of concern 2021 [updated 26 Nov 2021]. Available from:

Page 13 of 13

https://www.who.int/news/item/26-11-2021-classification-of-omicron-
(b.1.1.529)-sars-cov-2-variant-of-concern.

54. Australian Government Department of Health. Chief Medical Officer -
Omicron update and changes to international travel arrangements 2021
[updated 15 Dec 2021]. Available from: https://www.health.gov.au/news/
chief-medical-officer-omicron-update-and-changes-to-international-
travel-arrangements.

55. Carroll LWM, Baker J. Retesting of COVID-19 swabs suggests Omicron
arrived late November: The Sydney Morning Herald; 2021 [updated 7
Dec 2021]. Available from: https.//www.smh.com.au/national/nsw/retes
ting-of-covid-19-swabs-suggests-omicron-arrived-late-november-20211
207-p59fo.html.

56. Krause PR, Fleming TR, Peto R, Longini IM, Figueroa JP, Sterne JAC, et al.
Considerations in boosting COVID-19 vaccine immune responses. Lancet
(London, England). 2021;398(10308):1377-80.

57. Tomazin F, Lucas C. How did Australia’s vaccine rollout turn into a‘train
wreck'?: The Sydney Morning Herald; [updated 31 July 2021]. Available
from: https://www.smh.com.au/national/how-did-australia-s-vaccine-
rollout-turn-into-a-train-wreck-20210729-p58dzu.html.

58. Tingle L. If the public has vaccine hesitancy, the government has devel-
oped strategy hesitancy: ABC News; [updated 22 May 2021]. Available
from: https//www.abc.net.au/news/2021-05-22/if-public-has-vaccine-
hesitancy-government-strategy-hesitancy/100154798.

59. Anderson EL. Recommended solutions to the barriers to immunization in
children and adults. Mo Med. 2014;111(4):344-8.

60. Leask J. Being open about why Australia’s vaccination take-up is low is
the first step to improve it: The Guardian; [updated 25 May 2021]. Avail-
able from: https://www.theguardian.com/commentisfree/2021/may/25/
being-open-about-why-australias-vaccination-take-up-is-low-is-the-first-
step-to-improve-it

61. Murphy J, Vallieres F, Bentall RP, Shevlin M, McBride O, Hartman TK, et al.
Psychological characteristics associated with COVID-19 vaccine hesitancy
and resistance in Ireland and the United Kingdom. Nat Commun.
2021;12(1):29.

62. Communicable Disease Network of Australia. Coronavirus disease 2019
(COVID-19) national guidelines for public health units V4.0: Australian
Government Department of Health; 2020. [Available from: https://www1.
health.gov.au/internet/main/publishing.nsf/Content/cdna-song-novel-
coronavirus.htm]

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.cnbc.com/2021/07/26/covid-vaccine-moderna-says-it-plans-to-expand-trial-for-kids-5-to-11.html
https://www.cnbc.com/2021/07/26/covid-vaccine-moderna-says-it-plans-to-expand-trial-for-kids-5-to-11.html
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20210622_weekly_epi_update_45.pdf?sfvrsn=f7043e1f_10&download=true
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20210622_weekly_epi_update_45.pdf?sfvrsn=f7043e1f_10&download=true
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20210622_weekly_epi_update_45.pdf?sfvrsn=f7043e1f_10&download=true
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html
https://www.abs.gov.au/statistics/industry/tourism-and-transport/overseas-arrivals-and-departures-australia/latest-release
https://www.abs.gov.au/statistics/industry/tourism-and-transport/overseas-arrivals-and-departures-australia/latest-release
https://www.abs.gov.au/statistics/industry/tourism-and-transport/overseas-arrivals-and-departures-australia/latest-release
https://www.health.nsw.gov.au/news/Pages/20210804_01.aspx
https://www.health.nsw.gov.au/news/Pages/20210804_01.aspx
https://www.health.nsw.gov.au/news/Pages/20210805_00.aspx
https://www.health.nsw.gov.au/news/Pages/20210805_00.aspx
https://www.health.qld.gov.au/news-events/doh-media-releases/releases/update-covid-23
https://www.health.qld.gov.au/news-events/doh-media-releases/releases/update-covid-23
https://www.dhhs.vic.gov.au/coronavirus-update-victoria-19-august-2021
https://www.dhhs.vic.gov.au/coronavirus-update-victoria-19-august-2021
https://www.canada.ca/en/public-health/news/2021/02/government-of-canada-invests-53-million-to-address-covid-19-virus-variants-of-concern.html
https://www.canada.ca/en/public-health/news/2021/02/government-of-canada-invests-53-million-to-address-covid-19-virus-variants-of-concern.html
https://www.canada.ca/en/public-health/news/2021/02/government-of-canada-invests-53-million-to-address-covid-19-virus-variants-of-concern.html
https://www.genomecanada.ca/en/cancogen
https://www.genomecanada.ca/en/cancogen
https://globalnews.ca/news/7650061/canada-covid-genomic-sequencing-variants/
https://globalnews.ca/news/7650061/canada-covid-genomic-sequencing-variants/
https://www.gov.uk/government/news/uk-exceeds-600000-covid-19-tests-genomically-sequenced
https://www.gov.uk/government/news/uk-exceeds-600000-covid-19-tests-genomically-sequenced
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.health.gov.au/news/chief-medical-officer-omicron-update-and-changes-to-international-travel-arrangements
https://www.health.gov.au/news/chief-medical-officer-omicron-update-and-changes-to-international-travel-arrangements
https://www.health.gov.au/news/chief-medical-officer-omicron-update-and-changes-to-international-travel-arrangements
https://www.smh.com.au/national/nsw/retesting-of-covid-19-swabs-suggests-omicron-arrived-late-november-20211207-p59fjo.html
https://www.smh.com.au/national/nsw/retesting-of-covid-19-swabs-suggests-omicron-arrived-late-november-20211207-p59fjo.html
https://www.smh.com.au/national/nsw/retesting-of-covid-19-swabs-suggests-omicron-arrived-late-november-20211207-p59fjo.html
https://www.smh.com.au/national/how-did-australia-s-vaccine-rollout-turn-into-a-train-wreck-20210729-p58dzu.html
https://www.smh.com.au/national/how-did-australia-s-vaccine-rollout-turn-into-a-train-wreck-20210729-p58dzu.html
https://www.abc.net.au/news/2021-05-22/if-public-has-vaccine-hesitancy-government-strategy-hesitancy/100154798
https://www.abc.net.au/news/2021-05-22/if-public-has-vaccine-hesitancy-government-strategy-hesitancy/100154798
https://www.theguardian.com/commentisfree/2021/may/25/being-open-about-why-australias-vaccination-take-up-is-low-is-the-first-step-to-improve-it
https://www.theguardian.com/commentisfree/2021/may/25/being-open-about-why-australias-vaccination-take-up-is-low-is-the-first-step-to-improve-it
https://www.theguardian.com/commentisfree/2021/may/25/being-open-about-why-australias-vaccination-take-up-is-low-is-the-first-step-to-improve-it
https://www1.health.gov.au/internet/main/publishing.nsf/Content/cdna-song-novel-coronavirus.htm
https://www1.health.gov.au/internet/main/publishing.nsf/Content/cdna-song-novel-coronavirus.htm
https://www1.health.gov.au/internet/main/publishing.nsf/Content/cdna-song-novel-coronavirus.htm

	Opening up safely: public health system requirements for ongoing COVID-19 management based on evaluation of Australia’s surveillance system performance
	Abstract  
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background 
	Methods
	Search strategy
	Data sources
	Surveillance system performance
	Public health analysis


	Results
	Components of Australia’s COVID-19 public health surveillance system
	Community-based surveillance for the disease in symptomatic individuals
	Genomic surveillance
	Screening of residents and staff linked to overseas traveller quarantine
	Wastewater surveillance

	Epidemiology of outbreaks, November 2020–June 2021 in Australia
	Index case
	Source case
	Primary case and early transmission links
	Community mobility and interaction at time of disease incursion

	Surveillance system performance in detecting outbreaks
	Community-based disease surveillance and outbreak detection
	Screening of quarantine residents and staff
	Genomic surveillance
	Timeliness of detection
	Wastewater surveillance

	Surveillance system requirements for current and future control
	Community-based surveillance
	Genomic sequencing
	Screening in quarantine
	Wastewater surveillance


	Discussion
	Conclusions
	References


